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Formation ofthe MetlThiolate Clusters of
Rat Liver Mellothionein
by Dennis R. Winge* and Kirk B. Nielson*
The isoforms ofrat liver apo-metallothionein (MT) were reconstituted in vitro with Cd
and Zn ions to study the order of binding of the seven metal sites. Reconstitution with
seven Cd ions resulted in a metalloprotein similar to induced Cd,Zn-MT by the criteria of
electrophoretic mobility, insensitivity to proteolysis by subtilisin and the pH-dependent
release ofCd. Proteolytic digestion ofMTreconstituted with sub-optimal quantities ofCd
followed by separation of Cd-contaimnng polypeptide fragments by electrophoresis and
chromatography revealed metalionbindinginitially occurs incluster A. Upon saturation
ofthe four sites in cluster A, binding occurs in the three metal center, cluster B. Samples
reconstituted with one to four Cd or Zn ions per protein molecule, followed by digestion
with subtilisin, yielded increasing amounts of a proteolytically stable polypeptide frag-
ment identical with the a fragment domain encompassing the four metal center. Samples
renatured with five to seven Cd ions per MT molecule showed decreasing quantities ofa
fragment andincreasing amounts ofnativelikeMT.Thebindingprocessineachdomainis
cooperative. Reconstitution ofapo-MT with two Cd ions followed by proteolysis yields a
50o recovery ofsaturated Cd4-a cluster. Likewise, when Cd5-renatured MT was digested
with subtilisin, 301% ofthemolecules wereidentified as Cd7-MTwiththeremainderas Cd4-
a fragment.
Metallothionein (MT) induced by Cd or Zn ions
binds seven metal ions per molecule, and this
chelation involves the cysteines in the ligand
field. The metal ions are bound in two separate
polynuclear metal-cysteine clusters (1-3). One
cluster (cluster A) contains four metal ions bound
to eleven cysteines, five ofwhich exist as thiolate
bridges connecting adjacent metal ions. The other
center (cluster B) binds three metal ions through
nine cysteines andthreethiolatebridges (1,2). We
demonstrated that the two centers are enfolded
by separate regions ofthe 61 amino acid polypep-
tide chain (4,5). The three-metal center domain
comprises the NH2-terminal halfofthe molecule
and the four-metal domain is formed by the
COOH-terminal half. The two clusters appear to
differ in their metal-binding properties. Results
from 13Cd-NMR experiments and our isolation of
a peptide fragment of MT containing the four-
metal center reveal that the metal ions in Cd,Zn-
MT are arranged such that cluster A contains
four Cd ions and cluster B contains on the aver-
age two Zn ions and one Cd ion (1,4). Calf liver
MTwasfoundto containthree Cuions selectively
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in cluster B with Cd displaceable Zn ions located
in cluster A (6). These distribution differences
may result from the two clusters having similar
but not identical tertiary structures which may
alter the coordination preferences. This sugges-
tion is consistent with 1H-NMR data (7). Since a
predominant physiological form ofMT is Zn-MT,
we were interested in determining the order of
metal binding to the clusters by utilizing in vitro
metal ion reconstitution with Cd and Zn.
It is well known that MT is capable of being
reversibly reconstituted. Kagi and Vallee (8) and
Pulido et al. (9) demonstrated that the metal ions
could be removed from MT at pH 2 or with EDTA
with the concomitant loss of absorbance at 250
nm. Addition of Cd2+ to apo-MT at neutral pH
restoredtheultraviolet absorption. InUVandCD
spectroscopic studies, Law and Stillman (10)
showed that renaturation ofapo-MT resulted in a
nativelike protein, although slight differences
from the native form were observed. Recently,
Vasak and Kagi (11) reported that the binding of
Co2+ to thionein occurs in metal-thiolate clusters
analogous tothebinding ofCd2+ by native Cd,Zn-
MT.
In our studies, apo-thionein was prepared by
acidification in 0.1 N HCl followed by gel filtra-
tion in 0.01 N HCl. The metal-free protein wasWINGE AND NIELSON
identified in the column effluent by monitoring
the fluorescamine reactivity and quantified by
amino acid analysis. To achieve reconstitution,
metal ions were added to thionein in 0.01 N HCI
in a N2-purged glove bag. The solution was neu-
tralized to pH 7.5 by the addition of potassium
phosphate. All solutions were deaerated and bub-
bled with N2 prior to use in the anaerobic glove
bag.
In order to study the mode ofcluster formation
in MT by in vitro reconstitution, it was necessary
to initially demonstrate that under ourconditions
nativelike properties could be restored in metal
reconstituted apo-metallothionein. The proper-
ties selected as criteria of binding integrity in-
cluded ultraviolet absorption, pH-dependent dis-
placement ofbound metal ions and susceptibility
to proteolysis. By these criteria, anaerobic addi-
tion of seven Cd ions to thionein results in a
metal-containing protein with characteristics of
native Cd,Zn-MT. The absorption at 250 nm of
reconstituted Cd-MTwas similar to that ofnative
Cd,Zn-MT in the absorbance per Cd ion. The pH-
dependent displacement ofCd ions was identical
in the two samples, suggesting that similar mer-
captide chelation exists for each. Native Cd,Zn-
MT iscompletely resistant toproteolysis by subti-
lisin even when incubated at high concentrations
of the protease for prolonged times at elevated
temperatures. Apo-MT, on the other hand, is di-
gested to small peptides under similar conditions.
Both isoforms ofapo-MTreconstituted with seven
Cd ions are resistant to proteolytic degradation.
The metal reconstituted MT isoforms also exhibit
the same electrophoretic mobility as native MT
isoforms. These results suggest that the reconsti-
tution conditions are adequate for restoration of
nativelike binding ofCd ions.
Apo-MT was renatured under the same condi-
tions butwith less than saturating amounts ofCd
to determine the order of filling of the binding
sites. The reconstituted samples showed increas-
ing ultraviolet absorbance as a function ofadded
metal ion and the absorbance rise per Cd equiva-
lent was similar for each sample. Addition ofCd
in concentrations exceeding saturation of the
seven metal sites (e.g., eight Cd ions per mole-
cule) did not increase the absorbance beyond the
value obtained for seven Cd ions. The absorption
properties ofreconstituted samples were stable to
proteolysis by subtilisin. However, apo-MT prein-
cubated with the protease prior to metal ion re-
constitution showed an absorption spectrum that
more closely resembled apo-MT than the protein
incubated subsequent to reconstitution, indica-
ting that the Cd-thiolate charge transfer transi-
tions seen in MT require the intact polypeptide.
Since the binding of Cd, even at suboptimal
levels, imparts a resistance to proteolytic diges-
tion, proteolysis can be utilized to probe the loca-
tion on thepolypeptide chainwherebinding initi-
ates. The binding sites on MT are enfolded in two
distinct domains which we demonstrated couldbe
separated by proteolysis (4). Metal binding ini-
tially within one cluster should presumably con-
ferproteolytic resistance to that domain, whereas
theunoccupieddomainwouldbe digested. Ifbind-
ing occurred randomly along the polypeptide
chain, treatment of the samples with subtilisin
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FIGURE 1. IntegrationofCoomassie-stainedproteinbandsafter
polyacrylamide gel electrophoresis of apo-MT II reconsti-
tuted with 0 to 7 Cd ions. The samples (20 p,g per gel) were
pretreated with subtilisin prior to electrophoresis. The
stained gels were scanned, and the areas under the peaks
were quantified by weighing the cut out peaks.
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would generate a differing peptide pattern as
increasing amounts ofCd were added.
Samples ofapo-MT reconstituted with Cd were
incubated with subtilisin prior to nondenaturing
gel electrophoresis to resolve Cd-containing pep-
tides. In the reconstitution ofapo-MT II with low
levels ofCd (one to four Cd ions/MT molecule), a
prominent Coomassie blue stained band was ob-
served which had amobility identical withthat of
the COOH-terminal a domain of MT II (a frag-
ment) (Fig. 1). Integration of the densitometric
scans ofthe gels showed that the quantity ofthe a
fragment increased in samples binding up to four
Cd ions per molecule and subsequently decreased
concomitantly with an increase in a stained band
corresponding to native MT II. These data sug-
gestthatbinding is orderedandoccurs initially in
cluster A followedby cluster B. This conclusion is
supported by an evaluation ofthe peptides gener-
ated by the incubation with subtilisin which re-
vealed a pattern that was qualitatively similar in
each reconstituted sample, but the concentration
ofthe peptide mixture decreased as the number of
Cd ions bound increased. In order to verify that
the subtilisin resistant peptide was the authentic
a fragment, the experiment was repeated with
isoform I ofMT, since the a I fragment exhibits a
different electrophoretic mobility than a II. Sam-
ples reconstituted with up to four Cd or Zn ions
followed by incubation with subtilisin revealed
an increasing quantity of a peptide fragment
identical in mobility to that ofa I. Binding ofCd
ofZn in excess offour ions per molecule showed a
decreasing amount of a I and a concomitant in-
crease in native MT I.
To confirm that the proteolytically resistant
peptide observed in samples with one to four
metals ions bound was the a fragment, samples
were reconstituted with four Cd, digested with
subtilisin and then chromatographed on Sepha-
dex G-75. The only major peptide eluted in the
column effluent with aKd of0.7, a value identical
to that ofthe Cd4-a domain. The elution profile of
Cd was coincident with the peptide absorbance at
230 nm. Cd6-reconstituted MT eluted with aKd of
0.54, a value identical to that ofnative Cd,Zn-MT.
Amino acid analysis ofthe Cd-containing peptide
prepared from subtilisin-treated Cd4-reconsti-
tuted apo-MT I revealed a composition similar to
that seen with the a fragment. The metal content
ofthe peptide averaged 3.8 Cd per molecule.
Reconstitution experiments were also done
with purified a I fragment which had been deme-
talized. Apo-a I was reconstituted with 0 to 4 Cd
equivalents per mole protein followed by incuba-
tion with subtilisin. An aliquot was taken for
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FIGURE 2. Integration of Coomassie-stained apo-ct I after re-
constitution with 0 to 4 Cd ions per molecule and electropho-
resis on 7.5% polyacrylamide gels. The integration of peak
areas from 10 ,ug of sample (-0-) was performed as de-
scribed in the legend to Figure 1. In addition, 20 ,ug ofeach
sample was reacted with 0.1 mg offluorescamine in 0.2 M
sodium borate, pH 8.5, and the fluorescence was deter-
mined (-{-). The lines were determined by linear regres-
sion analysis.
nondenaturing gel electrophoresis, and recovery
was assessed by integration ofthe densitometric
scans ofthe gels. As canbe seen in Figure 2, there
was a linear relationship between the concentra-
tion ofthe a fragment and the number ofCd ions
bound. The reactivity ofthe samples with fluores-
camine was monitored by fluorescence for two
separate experiments (Fig. 2). The fluorescence
observed correlates with the number of primary
amino groups and therefore reflects the proteoly-
tic susceptibility ofthe samples. The fluorescence
yield is relatedinversely to the numberofCd ions
bound. The linearity ofthese plots would be con-
sistent with cooperative binding ofmetal ions to
the custers ofMT.
Ifcooperative binding occurs, the initial phase
should be a cooperative saturation of cluster A.
For example, reconstitution with two Cd ions
followedbyproteolysis shouldresult in50% ofthe
molecules being recovered as Cd4-a. Figure 3A
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FIGURE 3. Plots of(A) theoretical curve for positive cooperativ-
ity in the ordered binding of Cd to the two clusters ofMT
and (B) the actual recoveries of metal-cluster domains A
and B after treatment with subtilisin and gel filtration on
Sephadex G-25. The recoveries of protein in the column
excluded volume were quantified as described in the text.
The fluorescamine reactivity ofthe pooled internal volume
fraction from each sample was determined (U). The value
for apo-MT was set as the 100% value.
shows the theoretical curves for positive
cooperativity in the metal ion binding to the two
domains. The two curves represent the recoveries
ofsaturated four-metal and three-metal domains.
The actual recoveries of the two domains (Fig.
3B) were determined from the amino acid compo-
sitions of the reconstituted samples exposed to
proteolysis and subsequently gel filtered to sepa-
rate MT and a fragment from digested peptides.
The domain ofMT I containing cluster A contains
all the Ala and Val residues in the MT molecule.
Quantitation of these residues equates with the
recovery ofthis domain. Quantitation ofthe clus-
ter B containing domain was based on recovery of
methionine in that the only Met residue is NH2-
terminal. The recoveries of the two domains are
similar to the theoretical values for positive
cooperativity inbinding. Also shown in Figure 3B
is the fluorescamine reactivity curve of the Cd-
reconstituted samples. To ensure against only
Table 1. Metal content ofreconstituted sample.
Sephadex G-75 separated molecules,
Cd2+ added/Apo-MT g-atoms Cd/mole
MT a
7 6.8
5 6.7 4.1
4 6.5 3.8
2 4.0
partial digestion, 16 hr was allowed for proteoly-
sis. The time observed for completion ofdigestion
of apo-MT, Cd2- and Cd4-reconstituted MT was
about 2 hr.
Quantitation of the metal content of various
proteolyzed reconstituted samples, after separa-
tion of MT and a fragment by Sephadex G-75
column chromatography, confirmed that coopera-
tive binding had occurred (Table 1). The a frag-
ment recovered from Sephadex G-75 after recon-
stitution of apo-MT with only 2 Cd ions per
molecule was found to average 4 g-atoms Cd per
mole a. The Cd4-reconstituted MT was resolved
into a major a fraction (3.8 Cd/molecule) and a
minor MT peak containing 6.5 Cd per molecule.
Likewise, Cd5-reconstituted MT was resolved into
a population ofCd-saturatedMT molecules and a
population ofmetal-saturated a fragments.
The binding ofCd and Zn ions by metallothio-
nein is an ordered process with cluster A exhibit-
ing a greater binding affinity than cluster B. One
intermediate (Cd4-MT) can be isolated, but other
intermediate products are not observed due to
cooperative binding within each domain.
Cooperativity is evident within each domain, but
not between domains.
In a recent publication, Vasak and Kagi (11)
carried out in vitro Co (II) reconstitution ofrabbit
liver MT-I to study the metal cysteine clusters.
Their electronic and EPR spectroscopic data not
only support the existence of two metal clusters
in MT, but also suggest that the mode of forma-
tion of the cluster was stepwise. The first four
metal ions bound produced virtually no magnetic
interaction and therefore were presumably dis-
tributed between the two clusters. This is in
marked contrast to Cd and Zn binding. The re-
maining three Co ions gave increasing interac-
tion as the separate sites became linked, yielding
Co7-MT which is diamagnetic presumably due to
antiferromagnetic coupling. Vasak and Kagi sug-
gested that the first four metal ions produced a
steric configuration necessary for binding of the
remaining three (11). The formation ofthe metal-
thiolate clusters in rat liver MT with Cd or Zn
ions is clearly ordered, and the cooperative bind-
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ing should yield interaction as cluster A is
formed. The difference observed between recon-
stitution with Co and Cd or Zn is intriguing. The
two domains may have unique structures that
result in different coordination preferences. Cd
and Zn show a preference for cluster A and their
binding is cooperative. We have preliminary data
that Cubinding also occurs in an ordered process,
but that saturation of cluster B is the initial
phase. It is possible that no cluster preference
exists for Co binding. The different metal binding
properties ofthe two domains may be significant
in the function ofMT.
The cooperative binding of Cd and Zn implies
that the unloading process may also be coopera-
tive. In Zn-MT the order presumably would be
release of the metal ions in cluster B prior to
those in cluster A. The simultaneous release of
three or four metal ions may be an important
feature in the still unresolved function ofMT.
This work was supported by NIH grant GM30482.
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